Sclerotinia sclerotiorum induces host reactive oxygen species (ROS) production, which leads to necrosis 13 in the host, allowing the pathogen to absorb nutrients from the dead tissues. Here, we found that three S. 14 sclerotiorum genes involved in copper ion import/transport, SsCTR1, SsCCS and SsATX1, were 15 significantly up-regulated during infection of Brassica oleracea. Function analysis revealed that these 16 genes involved in fungal ROS detoxification, oxalic acid production, pathogen establishment and 17 virulence. On the host side, four genes putatively involved in copper ion homeostasis, BolCCS, BolCCH, 18 BolMT2A and BolDRT112, were significantly down-regulated in susceptible B. oleracea, but stably 19 expressed in resistant B. oleracea during infection. Their homologs were found to promote resistance to 20 necrotrophic pathogens and increase antioxidant activity in Arabidopsis thaliana. Furthermore, copper 21 concentration analysis indicated that copper is transported into the necrotic area from healthy area 22 during infection. Collectively, our data suggest that S. sclerotiorum hijacks host copper to detoxify ROS, 23 whereas the resistant hosts restrict the supply of essential copper nutrients to S. sclerotiorum by 24 maintaining copper ion homeostasis during infection. 25 26 27 28 65
Introduction 29
Copper serves as a cofactor in many enzymes and is an essential micronutrient for growth and 30 development of organisms. It is involved in a range of biological processes, including photosynthetic 8 chloride (NBT) for the accumulation of H 2 O 2 and ·O 2 -, respectively. We observed deeply stained areas 140 around the inoculant column at both 6 and 12 hpi in the T-DNA mutant lines, but more lightly stained 141 areas in the overexpression lines ( Fig 4A) , suggesting that antioxidant activity was enhanced in the 142 overexpression lines but suppressed in the T-DNA mutants. This conclusion was further supported by a 143 Cu/Zn SOD enzyme activity assay, in which the overexpression lines exhibited 41.79-to 45.93 and 144 49.62 to 66.97 U/mgprot, and T-DNA mutants exhibited 14.43 to 22.03 and 10.71 to 26.77 U/mgprot 145 enzyme activity at 6 and 12 hpi, respectively ( Fig 4B) . Wild type line was in the middle with 32.14 and 146 42.82 U/mgprot at 6 and 12 hpi, respectively. These results indicate that copper ion homeostasis is 147 associated with the detoxification of ROS in the host. 148 Considering that necrotrophic pathogens exploit the host oxidative burst, which contributes to 149 pathogen attack (Heller and Tudzynski, 2011; Govrin and Levine, 2000) , we hypothesized that copper 150 ion homeostasis was associated with host resistance against diverse necrotrophic fungal pathogens. To 151 test this hypothesis, we examined host resistance against another typical necrotrophic pathogen, Botrytis 152 cinerea (Amselem et al, 2011) . The Arabidopsis AtCCS, AtMT2A, AtDRT112 and AtCCH 153 overexpression lines increased resistance to B. cinerea by 30-60%, whereas the corresponding T-DNA 154 mutants reduced resistance by 20-30% in comparison with wild type at 24 hpi ( Fig EV3) . 156 Copper is an essential nutrient for microbial pathogens and serves as an important cofactor of enzymes 9 products of these genes function to transport extracellular copper into the fungal cell (SsCTR1), deliver 163 copper to Cu/Zn SOD (SsCCS) and detoxify the oxidative damage (SsATX1) (Cobine et al, 2006; Ding 164 et al, 2011; Himelblau et al, 1998 ). These S. sclerotiorum genes exhibited down-regulated expression in 165 all of the silenced strains (Sictr1, Siccs and Siatx1), and up-regulated expression in all of the 166 overexpressing strains (OXctr1, OXccs and OXatx1) ( Fig 5A) , indicating they coordinately expressed in 167 S. sclerotiorum. The lesion size after inoculation with the silenced strains was smaller than those after 168 inoculation with the wild-type strain, while the largest lesion size was observed after inoculation with 169 the overexpressing strains in the detached leaves of B. napus and Arabidopsis seedlings ( Fig EV4C- 
155

S. sclerotiorum requires trace copper for pathogen infection
indicating that these genes are involved in the virulence of S. sclerotiorum.
171
Copper content in the leaves infected by the silenced and overexpressing strains of these three genes 172 was determined. All the strains showed higher copper content in the necrotic areas than the uninfected 173 and margin tissues ( Fig 5B) . The content of copper in the necrotic areas of overexpressing strains 174 contained 7.90%-10.93% more copper than that of wild-type, and the content of copper in the necrotic 175 areas of silenced strains contained 11.62%-16.38% less copper than that of wild-type ( Fig 5B) . These 176 results suggest that SsCTR1, SsCCS and SsATX1 may associated with copper uptake in S. sclerotiorum 177 during infection. To test the role of copper in the virulence of S. sclerotiorum, we sprayed 178 low-concentration CuSO 4 solutions (0.01, 0.025 and 0.05 mg/L) onto the leaf surface and incubated for 179 30 min prior to inoculation with each of the silenced strains. The lesion sizes after inoculation with the 180 three silenced strains increased by 1.1-to 1.4-fold at 48 hpi in comparison with the non-CuSO 4 181 treatment (sprayed with ddH 2 O), but exhibited no significant difference from the treatment that was 182 sprayed with ddH 2 O and inoculated with the wild-type strain 1980 ( Fig 6A and B) . However, treatment 183 with highly concentrated CuSO 4 solutions (0.1 and 0.25 mg/L) significantly reduced disease symptoms 184 of the silenced strains (P < 0.05) ( Fig 6B) . Similar observations were detected in the wild-type and 185 10 overexpressing stains, which increased lesion size under low concentration of CuSO 4 , but decreased 186 lesion size in high concentration of CuSO 4 ( Fig 6B) . We further found that low-concentration CuSO 4 187 promoted the growth of all the stains on potato dextrose agar (PDA) plates, and that high-concentration 188 CuSO 4 suppressed the growth of S. sclerotiorum ( Fig 6C) . Especially, the growth inhibition was higher 189 in the silenced strains than the overexpressing strains in high-concentration CuSO 4 (0.25 mg/L) ( Fig 6C) . 190 These findings suggest that low-concentration copper could promote the growth of strains, and restores 191 the virulence of the silenced strains. It indicates that trace copper is required for the growth and infection 192 of S. sclerotiotum.
193
Copper ion transport/import involves in ROS scavenging in S. sclerotiorum 194 To further test the hypothesis that S. sclerotiorum utilizes copper to promote ROS scavenging, we the fungal hyphal tips was highest in the silenced strains, followed by the wild-type strain and the 198 overexpressing strains ( Fig 7A) . We then cultured all strains on PDA supplemented with different 199 concentrations of H 2 O 2 (0, 2, 6, 10 and 15 mM) ( Fig 7A) . The growth of the silenced strains was most 200 seriously inhibited (reduced by 26.2-100%), followed by the wild-type strain (reduced by 18.0-90.3%) 201 and the overexpressing strains (reduced by 2.2-68.4%) ( Fig 7B) . These observations indicate that ROS 202 can inhibit the growth of S. sclerotiorum and that these S. sclerotiorum genes are involved in the 203 detoxification of ROS.
204
Because Cu/Zn SOD is one of the primary superoxide scavengers (Mittler, 2017), we analyzed the 205 SsSOD1 expression level in the wild-type, silenced, and overexpressing strains. In the silenced strains,
206
SsSOD1 transcript accumulation was only 0.5-0.7 times the wild-type levels, while the overexpressing 207 strains showed higher of SsSOD1 expression, by 1.7-to 2.1-fold relative to wild-type strain ( Fig 7C) . In 208 11 comparison with the wild-type (572.51 U/gFW), the Cu/Zn SOD enzyme activity was lower in silenced 209 strains (372.88-499.39 U/gFW) and higher in overexpressing strains (750.44-909.86 U/gFW) ( Fig 7D) .
210
These results indicate that these three S. sclerotiorum copper-related genes promote the expression of compacter infection cushions ( Fig EV5A) , indicating that these S. sclerotiorum genes affect the 223 establishment of infection.
224
Meanwhile, we detected significant differences in OA concentration among the wild-type, silenced 225 and overexpressing strains after culturing for 2 days on PDA medium. The average OA concentration in 226 the silenced strains was 6.30 mg/ml, followed by the wild-type (7.81 mg/ml) and overexpressing strains 227 (9.39 mg/ml) ( Fig EV5B) . At the same time, the average pH value of the culture medium from the 228 overexpressing strains (pH = 2.79) was lowest, followed by the wild-type (pH = 2.92) and silenced 229 strains (pH = 3.13) ( Fig EV7C) . The OA synthesis gene SsOAH exhibited lower expression in the 230 silenced strains than in the wild-type strain, but higher expression in the overexpressing strains (Fig 'copper ion homeostasis' we detected during infection are involved in various antioxidant activities.
255
AtCCS is responsible for the activation of Cu/Zn SOD (Chu et al, 2005) . Metallothioneins (MTs), which 256 act as heavy metal chelators and ROS scavengers, contribute to plant adaptation to abiotic stresses (Kim 257 and Kang, 2018). DRT112 is one of two Arabidopsis plastocyanin genes (PETE2), which function to 258 buffer excess copper (Abdel-Ghany, 2009). AtCCH is a homolog of yeast ATX1, which functions to 259 deliver copper into laccase or Fet3 (Himelblau et al, 1998) . In this study, we found that the 260 overexpression of these genes in Arabidopsis enhanced host ROS detoxification and resistance against S. 261 sclerotiorum, and the genes in the biological process of 'copper ion homeostasis' were coordinately 262 expressed with those for 'response to oxidative stress'. Therefore, our research provides evidence that 263 copper ion homeostasis is associated with ROS detoxification in host.
264
Free copper ions induce ROS production (Rae et al, 1999) , which may be toxic to S. sclerotiorum. We were not significantly induced in S. sclerotiorum during infection (Appendix Figure S3 ), indicating that function to deliver copper to oxidative scavengers Cu/Zn SOD (Gleason et al, 2014; Cobine et al, 2006) .
278
The ATX1 gene could act as a multi-copy suppressor of oxidative damage in yeast (Himelblau et al, 279 1998 into the question about survival of S. sclerotiorum at relatively high levels of ROS.
282
The idea of 'nutritional immunity' was first proposed to describe the resistance mechanism in human 283 cells wherein they withhold transition metals, such as iron, zinc, manganese and copper to defend 284 against microbial pathogen invaders (Besold et al, 2016; Malavia et al, 2017; Hood and Skaar, 2012; 285 Crawford and Wilson, 2015). To overcome this strategy, successful pathogenic species must evolve 286 specialized mechanisms to adapt to the nutritionally restrictive environment of the host and cause 287 disease. For example, the human kidney and brain can thwart Candida albicans growth by limiting the 288 supply of copper nutrients, producing 'copper starvation' to C. albicans (Besold et al, 2016) . In response,
289
C. albicans induces copper uptake machineries that enable it to survive in a copper-starved environment 290 (Li et al, 2015) . Here, the defense response in resistant lines that stabilized the expression of copper ion 291 homeostasis genes and limited the availability of copper to S. sclerotiorum may be considered a form of 292 nutritional immunity. To the best of our knowledge, this is the first description of nutritional immunity in 293 plants. We therefore propose a possible host-S. sclerotiorum interaction model in which resistant plants 294 induce nutritional immunity and restrict the supply of essential copper nutrients to S. sclerotiorum by 295 maintaining copper ion homeostasis, while S. sclerotiorum enhances its copper uptake system and 296 hijacks host-derived copper, which activates its ROS scavenging system during infection and promotes 297 its survival and virulence (Fig. 8) . The rapeseed cultivar Zhongshuang 11 was used for virulence assay. resulting the RNAi vectors, pSiatx, pSicox17, pSiccs and pSictr1. To generate S. sclerotiorum 315 overexpression strains of these four genes, the full-length coding sequences were amplified by using the 316 specific primers of overexpression vector construction in Table S1 and cloned into a hygromycin 317 resistance containing vector, driven by the S. sclerotiorum constitutive expression promoter EF1-A 318 (SS1G_06124, translation elongation factor 1 alpha), resulting the overexpression constructs, pOEATX1, 319 pOECOX17, pOECCS and pOECTR1. S. sclerotiorum transformations were conducted with a standard 320 polyethylene glycol (PEG)-mediated transformation protocol (Rollins, 2003) .
321
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738 Table EV3 . Primers used in this study.
739
